We have studied spin relaxation characteristics in a Ag nanowire covered with various oxide layers of Bi2O3, Al2O3, HfO2, MgO or AgOx by using non-local spin valve structures. The spin-flip probability, a ratio of momentum relaxation time to spin relaxation time at 10 K, exhibits a gradual increase with an atomic number of the oxide constituent elements, Mg, Al, Ag and Hf. Surprisingly the Bi2O3 capping was found to increase the probability by an order of magnitude compared with other oxide layers.
Spin relaxation in the transport is one of the most important characteristics which determines the performance of spintronic devices such as lateral spin valves (LSVs). The relaxation mechanism in non-magnetic metal (NM) with weak spin-orbit interaction (SOI) was first discussed by Elliott and Yafet. 1,2 According to their theory, the spin relaxation takes place with some probability during momentum scattering events caused by phonons, impurities and surfaces. The spin relaxation have been experimentally examined by means of conduction electron spin resonance, weak localization and nonlocal spin valve measurements. [3] [4] [5] Each contribution to the spin-flip probability in a thin film or a nanowire can be evaluated by the temperature-dependent measurements.
Recently we have reported the suppression of surface spin relaxation in Ag nanowire by MgO capping, of which effect was considered to be caused by the reduction of effective SOI at the Ag/MgO interface. 6 It would be beneficial if one could utilize this interface SOI similarly to the recent experiment by Rojas Sánchez et al. demonstrating that the interfacial spin to charge conversion appears at the Bi(111)/Ag interface via the inverse Rashba-Edelstein effect. 7 This finding of the interfacial spin to charge conversion is expected to bring about new methods of manipulating magnetization or detecting spin currents in spintronic devices, and opened a question on the spin transport properties of the system which has rarely been studied so far. 7, 8 In this research phase, therefore, one are the spin resistances for NM and FM, respectively. I is the MgO interface resistance, where , , , and (i = Ag or Py) are the resistivity, the spin diffusion length, the thickness of the wire, and the width of the wire, respectively. Results of the spin signal in Fig. 2 were analyzed by using Eq. (1) . The values of Py = 35 cm and I = 1 and 0.1  for Bi2O3 and Al2O3 were respectively determined by using the LSVs fabricated and the reported values of Py = 5 nm, Py = 0.35 were used in the fitting procedure.
11,12
We then obtained Table I summarizes characteristic spin transport properties for different oxide capping layers obtained from our analyses. The values of  for the Ag with MgO capping and noncapping are reported in our previous work. 6 For the Ag wire without capping, we assume that the oxide layer of AgOx is naturally formed on the surface. 14 The spin relaxation in non-magnetic metals has been explained by Elliott-Yafet mechanism. 1, 2 In this mechanism, can be given in the relation, 1/ sf (= / ) = 1/ sf ph + 1/ sf imp = ph / ph + imp / imp , where the notations, "ph" and "imp", respectively mean phonon and impurity including grain boundary and surface scatterings. The spin-flip probability of the Ag wire covered with Bi2O3 is ten times higher than the other cases. The momentum relaxation time for the Bi2O3 capping is shorter than the case for other capping layers and therefore one might suspect that Bi impurities are mixed into the Ag wire and contributes to the spin relaxation. In this regard, we confirmed that no Bi impurities contribute to the spin relaxation by an observation of spin to charge conversion in Py/Ag/Bi2O3 trilayer system using spin pumping method and the sign of the conversion efficiency, i.e. spin
Hall angle (SHA) was positive. 15 If Bi diffuses into Ag and forms AgBi diluted alloy, a sign of SHA due to extrinsic spin Hall effect should be negative. 16 Therefore, we believe that the Bi diffusion is not a dominant origin of the spin relaxation in the Ag wire. We here discuss the interface scattering contribution imp surf in the probability imp . The magnitude of imp can be directly deduced from the experimental data at low temperatures where the phonon contribution to the scattering is negligible. 17 As shown in the table, the mean free path of electrons in the Ag wire is larger or comparable to the thickness of ~50 nm. 6 The transport properties are thus considered to be affected mostly by their NM/oxide interfaces. Remarkable is that the imp of the Ag wire with Bi2O3 capping (= 47.2 × 10 −3 ) is an order of magnitude larger than that with Al2O3 (= 5.41 × 10 −3 ), which is also significantly larger than the reported values of imp ranging from 0.2 to 4.0 × 10 −3 for Ag wires and thin films tabulated in At = 10 K, the electrons behave as ballistic particles in the Ag nanowire due to larger or comparable mean free path of the electrons to the thickness, alternatively get many opportunities to collide with the surface. Therefore surf is considered much shorter than grain , thus the spin-flip probability imp can be approximated as imp surf . Now in order to compare the surface spin relaxation properties of different capping oxide layers, we plot the spin-flip probability of the surface contribution surf (= imp − imp MgO ) for different capping layers as shown in Fig. 3 . Here, the imp MgO is the spin-flip probability obtained from a Ag nanowire covered with MgO layer, 6 which mainly includes the contribution of the grain boundary imp grain because the surface contribution is suppressed. In Al2O3, AgOX, HfO2 cases, the values of surf are in the same order of magnitude, implying that the surface spin relaxation is also explained by the Elliott-Yafet mechanism. Moreover the spin-flip probability surf increases monotonically with increasing an atomic number except for Bi2O3 case. Here, remarkable is that the surf of the Ag wire with Bi2O3 capping is an order of magnitude larger than the other oxide case.
Lastly we discuss the possible mechanism of additional spin relaxation in the Ag/Bi2O3 interface. Large Rashba splitting has recently been observed in Ag(111)/Bi surfaces. 19, 20 This interfacial Rashba effect is originated from a partial charge density near Bi atomic nuclei generating large effective electric fields. 20 In our case, e-beam deposited polycrystalline Ag layers may have preferred (111) orientation because of the lowest surface energy. 21 In addition, for Ag/Bi2O3 interface, O 2-ions may enhance the partial charge density due to its high electronegativity.
In the point of view of the spin relaxation, at the interface where the Rashba effect exists, the spin relaxation time was found to be the same order of the momentum relaxation time because of the spin-momentum locking, 7, 22 while in conventional metals the spin relaxation time (~ps) is much longer than the momentum relaxation time (~fs). We thus believe that the spin relaxation in the case of Ag/Bi2O3 could be more strongly affected than the cases with other oxide capping layers by spin-momentum locking originated from the interfacial Rashba effect. In summary, we have studied the spin relaxation in Ag nanowires with various oxide capping layers by means of non-local spin injection method. We experimentally found that the spin-flip probabilities in the Ag wire covered with various oxides except for Bi2O3 at low temperature are of the same order of magnitude, and gradual increase with an atomic number of the oxide constituent elements. Most importantly we observed a large spin-flip probability in the Ag wire with Bi2O3 capping (Ag/Bi2O3 interface). This fact implies the presence of the additional interfacial spin relaxation mechanism caused by the interfacial Rashba effect. This may provide a novel metal/insulator interface where the interconversion between charge and spin takes place. of M, Ag , , , Ag , sf , and mean the atomic number of the metal element in the oxide, the resistivity, the momentum relaxation time, the mean free path of electrons, the spin diffusion length, the spin relaxation time, and the spin-flip probability, respectively. The sample of HfO2 capping was annealed at 500 ℃ for 30 minutes in N2 (97 %) and H2 (3 %) atmosphere. 
